In order to obtain precise rare earth element (REE) compositions of sedimentary reference rocks issued by the Geological Survey of Japan (JSd-1, -2, JSl-1, -2, JLk-1), we analyzed their REEs by inductively-coupled plasma mass spectrometry (ICP-MS) using methods employing both acid digestion (HF-HClO 4 ) and carbonate fusion (Na 2 CO 3 -H 3 BO 3 ). Analytical precision of these methods was estimated by analyzing JB-1a and BCR-1 with the same procedure. Analyses of these two reference rocks show good reproducibility and close agreement with compilation values, except for Ho in JB-1a and Tm in BCR-1. CI-normalized REE patterns of JB-1a and BCR-1 compilation values show deviations for Ho and Tm, respectively, from the smooth patterns. Therefore, the compilation values of those elements may be somewhat in error.
during HF-HClO 4 digestion and that ralstonite can take up Nd more effectively than Sm by a factor of about 2 when normalized to chondrite. This can cause erroneous determinations of Sm and Nd and subsequent erroneous dating of geological samples. Yokoyama et al. (1999) examined three methods for acid digestion of basic rocks and concluded that step heating of digested samples in HClO 4 from 120°C to 190°C is effective in preventing fluoride precipitation. However, granitic and sedimentary rocks have a possibility containing insoluble minerals such as zircon highly resistant to mineral acids (Potts, 1987) . For these rocks, therefore, the HF-HClO 4 method proposed by Yokoyama et al. (1999) is not sufficient for bulk REE determinations.
In this study, we intended to recover REEs in sedimentary rocks thoroughly by applying a method combining both HF-HClO 4 digestion and Na 2 CO 3 -H 3 BO 3 fusion (cf., Ujiie and Imai, 1995) and to present precise REE composition of sedimentary reference rocks issued by the Geological Survey of Japan (GSJ) . Compilation values of the GSJ sedimentary reference rocks are based on fewer
INTRODUCTION
Precise determination of rare earth elements (REEs) is essential for obtaining high-precision Sm-Nd ages on a wide variety of geological samples. The conventional procedure for Sm-Nd whole rock dating of mafic samples first requires that the samples are subjected to HFHClO 4 (-HNO 3 ) digestion. The dissolved solutions are then divided into two fractions, one for measuring Sm and Nd abundances and the other for measuring Nd isotopic ratios (e.g., Manya and Maboko, 2003) . Boer et al. (1993) compared Sm and Nd contents in dolerites determined by isotope dilution mass specterometry (ID-MS) after HF-HClO 4 digestion with those determined by instrumental neutron activation analysis (INAA). These workers pointed out that Sm and Nd can be incorporated into secondary fluorides, ralstonite and hieratite, formed data than is the case for volcanic reference rocks, in particular for mono-isotopic REEs. To improve the precision of the results for the sedimentary reference rocks, we analyzed samples of slates (JSl-1 and -2), stream sediments (JSd-1 and -2) and argillaceous lake sediment . Compilation values and the original analyses of GSJ reference rocks are opened in the web site of the Geological Survey of Japan (http://www.aist.go.jp/ RIODB/db012/welcome.html).
METHODS
A flow diagram for the present analytical procedure is shown in Fig. 1 . About 30~70 mg sample was first digested in a 10 ml PFA Teflon beaker with 1 ml 38%-HF and 0.5 ml 70%-HClO 4 at about 160°C on a hotplate. After evaporation to dryness, 0.5 ml of mixed acid of 38%-HF and 70%-HClO 4 (2:1 by volume) was added again to the residue and heated. Usually, heating in a closed vessel is employed for HF-HClO 4 digestion by many researchers.
In this study, we used an open-top beaker in order to reduce time, since we employed Na 2 CO 3 -H 3 BO 3 fusion after HF-HClO 4 digestion. After complete evaporation of the acids, 2 ml of 1.7M-HCl was added to dissolve the residue. The acid digestion residue containing secondary fluorides and the undigested minerals were separated by centrifugation at 12,000 rpm with a 2 ml polypropylene tube. The supernatant after centrifugation was transferred to another 10 ml Teflon beaker. In order to recover REEs in the acid digestion residue deposited in the centrifugation tube, the residue was transferred to a 2 ml Pt crucible and dried at a temperature of about 60°C. After adding about 50 mg Na 2 CO 3 -H 3 BO 3 (3:1 by weight), the crucible was heated at 880°C for 20 minutes to fuse the mixture. The fused cake was dissolved using 1.7M-HCl with mild heating and the solution was centrifuged at 12,000 rpm. In most cases, no residue was recognized after centrifugation. To determine total REE abundances ("total REE"), 1.7M-HCl solutions prepared after HF-HClO 4 digestion and Na 2 CO 3 -H 3 BO 3 fusion were mixed and passed through a cation exchange column (10 mm-ø × 100 mm with 200-400 mesh DOWEX 50W-X8 resin). REEs were separated from other matrix elements by 20 ml 1.7M-HCl and 52 ml 2.0M-HNO 3 and collected by 72 ml 6.0M-HCl. The usage of 2.0M-HNO 3 as eluent makes it possible to separate Ba from REEs during column separation, and is effective in reducing the interference of BaO on Eu determination that becomes a serious problem when only 1.7M-HCl is used as eluent. To estimate the importance of the digestion residue for bulk REE determination, the two 1.7M-HCl solutions prepared after HFHClO 4 digestion and after Na 2 CO 3 -H 3 BO 3 fusion, were also analyzed separately using column chemistry.
REEs were analyzed by an ICP-MS (HP4500) calibrated using mixed standard solutions of each REE solution prepared by dissolving REE oxide. In and Bi were used for tracing ICP sensitivities. To minimize oxide-ion generation, we employed high plasma incident power (1600 kW; cf., Makishima and Nakamura, 1997 ) and a long distance from torch to sampling cone (about 10 mm). Under this measuring condition, the CeO/ 140 Ce ratio decreases to less than 1%, and is usually about 0.5-0.8%. The oxide generation factor (LnO/Ln) was determined for each 20 ppb solution and used in analytical data correction. Procedure blanks (0.32 ng for La and Nd, 2.7 ng for Ce and less than 0.1 ng for other REEs) resulted mostly from the column chemistry, and no clear difference of the blank contribution was found between digestion and/ or fusion methods. Contribution of blanks to analytical results was less than 1% against most analytical results, nevertheless corrected for all analyses. Analytical accuracy was checked by repeated analysis of GSJ JB-1a and USGS BCR-1. 
RESULTS AND DISCUSSIONS

Precision of the present analysis
The results of repeated analyses of 50 mg JB-1a and BCR-1 are shown in Table 1 and Fig. 2 together with compilation values (website of GSJ; Gladney et al., 1990) and averages of reported data analyzed by ICP-MS for JB-1a (Balaram et al., 1990; Yoshida et al., 1992; GarbeSchönberg, 1993; Jochum and Jenner, 1994; Barrat et al., 1996; Dai Kin et al., 1998) . Data were excluded if they were more than 2 standard deviation away from the averaged analytical values determined by ICP-MS.
Standard deviations of "total REE" measurements of JB-1a and BCR-1 are less than 2% of their averages for all REEs, suggesting good reproducibility. However, the averaged values of total REE of JB-1a show significant deviations from the compilation values, especially for Ho, which shows a difference of up to 20% (Table 1) . When we plot REE patterns for compilation JB-1a values, Ho plots downward from the smooth line connecting neighboring elements, Dy and Er, and seems like a small negative Ho anomaly (Fig. 2) . In contrast, REE patterns of JB-1a determined in this and other ICP-MS studies do not show such a negative Ho anomaly. This suggests that the compilation value of Ho for JB-1a, at least, is erroneous.
JB-1a data of the present study show a smooth REE pattern normalized to chondrite (Fig. 2 ), but most REEs (Nd to Lu) show 4-9% higher concentrations than those of averaged ICP-MS data given by previous studies (Table 1). Though Hirata et al. (1988) noted that separation of REEs from matrix elements is essential for accurate Gladney et al. (1990) . Ratio* shows total REE concentrations of this study divided by the respective compilation or reported average concentration. Anders and Gerevesse (1989) . Shinotsuka et al. (1995) Anders and Gerevesse (1989) . Therefore, Tb, Ho and Tm concentrations of 0.0348, 0.525 and 0.0234 ppm (Ebihara, pers. comm.) were used instead of 0.0363, 0.0556 and 0.0242 ppm as given by Anders and Grevesse (1989), respectively. measurements, with the exception of Barrat et al. (1996) , most previous studies used high matrix solutions without column separation for REE determination. Moreover, the HF-HClO 4 (-HNO 3 ) digestion method was employed in in the residue compared to the sum REE. These determinations were performed separately from those for "total REE". For confirmation, the composition of sum REE was compared with that of total REE (Fig. 3A) . The sum REE (acid REE + fusion REE) concentrations show small standard deviations of less than 1% of its average, suggesting good reproducibility. Ratios of (total REE)/(sum REE) lie in the range from 1.00 to 1.01 for most REEs, with the exception of Eu, Er, Tm and Yb (1.02-1.03; Table 2). The sum REE and total REE are, therefore, in good agreement with each other. In contrast, acid REE shows slight REE depletion compared to total and sum REE, especially for HREE (Fig. 3A) , suggesting that the acid digestion method employed in this study is unsufficient to recover REEs in basaltic samples.
Fig. 2. CI-chondrite normalized pattern of "total REE" of JB-1 together with those of compilation values and averaged revalues of reported data measured by ICP-MS. Normalizing values are mainly quoted from
pointed out that REE patterns of chondritic samples show a zigzag fluctuation in the HREE region of their CI-normalized patterns. They suggested that such a zigzag pattern is attributable to erratically high abundances of mono-isotopic REE (Tb, Ho and Tm) in the CI values by
In Fig. 3B , the ratios of fusion REE against total REE, i.e., the proportions of REE remaining in the acid digestion residue, are plotted in the same manner as the REE pattern. The fusion REE shows a wide concentration range from 0.324 to 1.41 ppm for La and from 0.012 to 0.129 ppm for Lu ( Table 2 ). The proportion of remaining REE shows a zig-zag pattern with HREE enrichment (Fig. 3B) . The wide concentration range may be due to slight differences in the temperature control during acid digestion that cause differences in the degree of precipitation of the secondary fluoride (Yokoyama et al., 1999) . The zigzag pattern of the proportion of the fusion REE may be due to the extremely low REE concentrations which make difficult to determine precise concentrations. On average, fusion REEs are only a small proportion of total REE, ranging from about 2% for LREEs to 7% for Lu. Though this study uses an open-top beaker for acid digestion, the most previous studies. As mentioned before, this digestion method may cause erroneous determination of REEs owing to the formation of secondary fluorides. These factors may have contributed to the observed differences in REE recovery from JB-1a between this study and previous ones.
USGS BCR-1 has been used as a reference standard in many laboratories throughout the world. Compilation values (Gladney et al., 1990) have been utilized by many researchers to check analytical methodology. As shown in Table 1 , analytical results of total REE for BCR-1 determined in this study agree well with compilation values, and ratios of analyzed concentration to compilation concentration are in the range from 0.97 to 1.02 for most REEs, except for Tm (0.93). Tm plots apparently upward from the smooth REE pattern (Fig. 2) . This observation suggests that the BCR-1 compilation value for Tm may also be somewhat in error. For most elements, both compositions analyzed in this study and compiled by Gladney et al. (1990) are in good agreement with each other, suggesting that the present analytical procedure gives high accuracy results.
REE composition of residues of JB-1a after acid digestion
Analyses of about 50 mg samples of JB-1a dissolved in HF-HClO 4 ("acid REE") and analyses of the residues after alkali fusion using Na 2 CO 3 -H 3 BO 3 ("fusion REE") are shown in Table 2 and Fig. 3 . The concentrations of both acid and fusion REEs were calculated with respect to the initial sample weight used in the acid digestion. Therefore, the ratio of fusion REE to sum of acid and fusion REEs ("sum REE") shows the proportion of REE recovery of REEs by acid digestion is comparable to those by previous researchers using a closed vessel (e.g., GarbeSchönberg, 1993; Jochum and Jenner, 1994; Barrat et al., 1996) . This may be ascribed to the difference of digested sample weight; this study decomposed only about 50 mg JB-1a, whereas the former studies digested 0.2-0.3 g JB1a.
In the case of run No. 2, which shows the largest contribution of residual REE to total REE, residual Lu does not exceed 10% of sum REE, although clear HREE enrichment can be observed. It is noteworthy that no clear fractionation between Nd and Sm is observed in the residues after HF-HClO 4 digestion (Fig. 3B ). This result is in contrast to Boer et al. (1993) who suggested preferential uptake of Nd compared to Sm into secondary florides. Fig. 1 and in the text. Normalizing values are the same as those for Fig. 2 . Fig. 2 .
Fig. 3. CI-chondrite normalized patterns of (A) total REE, acid REE and sum REE and (B) fusion REE. Sum REE means summation of acid REE and fusion REE. Other nomenclature is defined in
Fig. 4. CI-chondrite normalized patterns of total REE (closed symbols), acid REE (open ones) and fusion REE (dotted ones) for (A) JSd-1 and JSl-1 and (B) JSd-2 and JSl-2. Normalizing values are the same as those for
Influence of residue remaining after HF-HClO 4 digestion on bulk REE determination of sedimentary rocks
Five sedimentary reference rocks from the GSJ (JSl-1, JSl-2, JSd-1, JSd-2 and JLk-1) were analyzed using the same procedure as for JB-1a. Results are shown in Table 3 and REE patterns, except that for JLk-1, normalized to CI-chondrite are given in Fig. 4 . The proportion of REE incorporated into acid digestion residue of each sample is depicted in Fig. 5 . Slates Comparison of the total REE and acid REE concentrations for the two slate samples (JSl-1 and -2) shows higher REE abundances in the former than in the latter for all REEs (Figs. 4A and B) . This suggests that a large proportion of the REEs is incorporated into the residue. Acid" denotes "acid REE" and "alkali" denotes "alkaliREE" in the text. "Total REE", "Acid REE" and "alkali REE" are The proportion of REEs incorporatd into the residue is greater than 10% for all REEs and has a downward convex pattern with a minimum at middle REE (Fig. 5) . The patterns of REE proportion incorporated into the residue for JSl-1 and -2 show a small difference in the HREE range. This difference suggests that distinct minerals are contained in the residue from the two different samples. Previous studies reported secondary fluorides such as ralstonite, hieratite, CaAlF 5 and CaMg 2 Al 2 F 12 (e.g., Boer et al., 1993; Yokoyama et al., 1999) . The species of the secondary precipitate is strongly controlled by the chemical composition of the sample and the digested sample size. Therefore, it is likely that different digestion precipitates formed during acid digestion of JSl-l and -2.
Stream sediments REE patterns of total REE and acid REE of JSd-1 normalized to CI-chondrite closely resemble each other, with particularly good agreement for LREE (Fig. 4A ). This suggests that small amounts of REEs are incorporated into the acid digestion residue, i.e., fusion REE (Fig. 5) . On the other hand, the acid REE of JSd-2 shows extreme depletion of HREE from Gd to Lu compared to the total REE, suggesting strong enrichment of HREE in the residue (Fig. 4B ). As shown in Fig. 5 , the proportion of REE remaining in the residue is characterized by low values for LREEs (La-Eu) and an extreme increase from Gd to Lu. Such strong enrichment of HREE in secondary flurorides has not previously been reported. A second plausible explanation is the presence of acid resistant minerals such as zircon and monazite. Among these minerals, zircon preferentially incorporates HREEs and shows a HREE enriched pattern (Suzuki et al., 1993; Hidaka et al., 2002) . However, the Zr content of JSd-2 (111 ppm) is lower than that of JSd-1 (132 ppm), suggesting that zircon is not the cause of the observed difference. It remains an open issue whether the HREEs unrecovered by acid digestion of JSd-2 are contained in secondary fluorides or acid resistant minerals.
Comparison with compilation values for sedimentary reference rocks
Total REE compositions of sedimentary reference rocks including JLk-1 are compared with their compilation values in Fig. 6 . The compilation values are in good agreement with total REE analyses in the LREE range for all samples, except for Pr, and show large deviations from the total REE analyses in the HREE range. The compilation values show downward deviations from a smooth REE pattern for Ho, Er and Tm. These deviated elements including Pr show large standard deviations. Reported NAA data usually do not include Gd, Tm and sometimes other elements such as Ho and Dy because of low sensitivity and interference from other major matrix elements (e.g., Aota et al., 1994) . Therefore the compilation values of these elements are calculated based on a smaller database. For example for JSd-1, only 4 data are used for Tm compared to 24 for Ce. Less smooth REE patterns and large standard deviations of these elements may be ascribed to the low reliability of these reported data.
In most geological samples, CI-chondrite normalized REE abundances give smooth patterns. Possible exceptions are Eu and Ce which show an anomalous behavior in some rock types. In this respect, all analyses of this study give very smooth REE patterns. Moreover, the consistency of LREE abundance between total REE composition in this study and compilation values suggests that the combined method of acid digestion and alkali fusion employed in this study is effective to recover REEs in sedimentary rocks for bulk REE determination.
CONCLUDING REMARKS
In this study, we examined the contribution of digestion residue on bulk REE determinations. More than 10% of bulk REE was retained in the HF-HClO 4 digestion residue for JSl-1, -2 and JLk-1. It is generally accepted that mineral species of fluoride precipitated during acid digestion depends largely on major element composition of digested samples (e.g., Boer et al., 1993; Yokoyama et al., 1999) . This suggests that REE recovery by acid digestion is also controlled by the major element composition. Then we compared the proportion of remained REE in the residue with major element composition of samples except for JSd-2, because the residue of JSd-2 may contain undigested minerals. Among major elements, Al content shows a rough positive correlation with the proportion of Lu as well as the averaged proportion of all REEs (γ = 0.91 and 0.90, respectively). This suggests that Al content of the sample controls the recovery degree of REE by acid digestion. To ascertain this, more additional analyses must be needed.
We applied a method combining both HF-HClO 4 digestion and Na 2 CO 3 -H 3 BO 3 fusion to recover REEs in basaltic and sedimentary reference rocks issued by the Geological Survey of Japan. Analytical results show smoother REE patterns and higher concentrations of REEs compared to the compilation values and those by the previous studies, suggesting effective recovery of REEs in those reference rock.
